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Introduction 

The  problems  of  the  supply  and  loss  of  sediment  at  a  shoreline  are  of 
considerable  importance  at  many  localities  along  the  coastline  of  the  United 
States.  One  basic  mechanism  involved  in  this  overall  problem  is  the  trans¬ 
portation  of  sand  by  wind  action  For  example,  at  many  localities  along 
the  Washington,  Oregon,  and  California  coasts  considerable  amounts  of  sand 
apparently  are  moved  inland  each  year  by  wind  action  •  A  study  at  the 

major  dune  areas  of  the  California  coast  shows  that  three  basic  conditions 
are  satisfied  for  the  existence  of  a  dune  system  -  namely,  (1)  a  large  supply 
of  sand  from  a  nearby  major  stream  (2)  a  shoreline  orientation  approximately 
parallel  to  the  crests  of  the  prevailing  wave  condition,  thus  creating  a  favor¬ 
able  condition  for  a  low  littoral  current  and  consequently  a  location  for  sedi¬ 
ment  accumulation,  and  (3)  low  topography  back  from  the  beach  where  the 
prevailing  onshore  winds  can  easily  move  the  sand  inland  from  the  region  of 
accumulation  at  the  beach.  Figure  1  is  a  typical  example  of  a  major  dune 
area  on  the  California  coast. 

To  obtain  reliable  data  on  the  approximate  magnitude  of  the  annual 
supply  or  loss  of  sand  from  a  coastline  by  wind  action,  a  program  of  labora¬ 
tory  studies  was  undertaken  in  a  special  wind  tunnel  with  sands  of  various 
sizes  to  define  the  relationship  between  the  rate  of  sand  transport  and  the 
characteristics  of  the  wind  and  the  sand.  This  laboratory  program  was 
supplemented  by  a  limited  program  of  field  studies  which  was  made  to  de¬ 
fine  the  extent  of  the  dune  areas,  the  characteristics  of  their  sands,  and  the 
frequency  of  occurrence  of  coastal  winds  capable  of  moving  sand.  For  ex¬ 
ample,  to  provide  information  on  the  character  of  the  sands  encountered  in 
actual  dune  systems  and  therefore  serve  as  a  basis  for  the  sand  sizes  which 
should  be  studied  in  the  laboratory,  a  sampling  program  was  conducted  at 
most  of  the  important  dune  areas  on  the  California  coast.  Surface  samples 
were  taken  at  the  mid- tide  level  on  the  beach  face  and  extended  inland  in  the 
direction  of  the  prevailing  onshore  winds.  Typical  of  such  information  is 
that  shown  in  Figure  2,  taken  along  the  range  indicated  in  Figure  1.  This 
plot  shows  the  mean  grain  size  and  sorting  coefficient  as  a  function  of  dis¬ 
tance  from  the  shoreline. 

Considerable  work  has  been  done  on  the  mechanics  of.  sand  movement 
by  wind  by  numerous  investigators  *  2,^*  Emphasis  in  these  past 

studies  was  on  the  distribution  of  wind  speed  above  the  sand  surface  (with 
and  without  sand  movement)  and  the  rate  of  sand  movement  as  a  function 
of  the  principal  variables. 
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The  shear  stress.^  »  produced  at  the  sand  surface  by  air  flow  is  one 
of  the  most  important  factors  in  the  basic  mechanics  of  sand  movement  by 
wind.  When  the  shear  stress  exceeds  a  critical  value,  the  sand  particles 
start  to  move.  The  wind  speed  profile  and  the  shear  velocity,  U*,  are  the 
primary  factors  involved  in  sustaining  sand  movement  -  the  shear  velocity 
being  defined  as  Vl/^  where  f*  is  the  density  of  the  air.  Bagnold  — '  in  his 
studies  of  the  initiation  of  sand  movement  derived  the  following  expression 
for  the  threshold  value  of  the  shear  velocity. 


U*t 


(1) 


where  d  is  the  grain  diameter,  g  is  the  acceleration  of  gravity,  and  cr  and 
P  are  the  densities  of  sand  and  air,  respectively.  Bagnold  found  that  the 
coefficient  A  had  a  nearly  constant  value  of  0.  1  for  a  sand  diameter  of  0*  25 
mm  and  greater. 


Several  investigators  have  developed  expressions  for  the  rate  of  sand 
movement  as  a  function  of  certain  variables.  A  few  of  these  expressions  are 
as  follows: 

Bagnold  formula  J./ 


The  rate  of  sand  movement  per  unit  width  ^nd  unit  time,  q,  is  given 
by 

q  =  Cl/i  ru| . (2) 

/  D  g 


where  D  is  the  grain  diameter  of  a  standard  0.  25  mm  sand,  d  is  the 
grain  diameter  of  the  sand  in  question, P  is  the  density  of  the  air  (in 
c.  g,  s.  units  ^  is  equal  to  1.  25x10*"®),  is  the  shear  velocity  and  C 
has  the  following  values: 


1,  5  for  a  nearly  uniform  sand 

1.  8  for  a  naturally  graded  sand 

2.  8  for  a  sand  with  a  very  wide  range  of 

grain  sizes. 


Kawamura  formula 


6/ 


The  rate  of  sand  movement,  q,  is  given  by, 

q  =  kf  (U*  -  U*  )  (U*  +  U*  . (3) 

g  t  ^ 

where  ^  is  the  density  of  air,  U,jc  is  the  shear  velocity,  is  the 
threshold  sh^ar  velocity,  and  k  is  a  constant  which  must  be  determined  by 
experiment.  For  a  sand  of  average  grain  size  0.  25  mm,  Kawamura  ob¬ 
tained  k  "  2.  78  in  wind  tunnel  tests  with  all  terms  being  in  c.  g.  s.  units. 


4 
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Experimental  results  obtained  in  wind  tunnel  tests  by  Bagnold^.^  and 

Kawamura  using  the  same  sand  grain  diameter  of  0.  25  mm  present  widely 

differing  results  as  shown  in  Figure  3.  Also  plotted  in  this  figure  are  the 

results  of  wind  tunnel  tests  by  Zingg  and  Horikawa  and  ShehA^  for  the  same 

grain  diameter  of  0.  25  mm.  From  his  results,  Zingg  modified  the  Bagnold 

formulate  .  /dN3/4  f>  ,,3 

q  -  C(-j  -  U, 

where  C  has  the  value  0,  83. 

In  addition  to  the  above  formulae,  O'Brien  and  Rindlaub— '  proposed 
the  following  formula  from  data  derived  by  field  tests: 

G  =  0.  036  (for  Ug^ZO  ft/sec) 

where  G  is  the  rate  of  transport  in  pounds  per  day  per  foot  width,  and  Ug  is 
the  wind  velocity  5  ft.  above  the  sand  surface  in  ft/ sec. 

Confirmation  of  these  formulae  by  field  results  is  not  particularly 
good,  but  since  there  is  considerable  scatter  in  the  experimental  data,  these 
formulae  are  still  useful  in  the  description  of  a  particular  condition  when  a 
suitable  constant  is  chosen. 


Experimental  Program 

In  order  to  reconcile  some  of  the  apparent  differences  in  the  various 
existing  relationships  for  the  rate  of  sand  movement  and  to  consider  those  U  f 

conditions  usually  found  in  the  field,  a  program  of  laboratory  studies 
made-  at  the-JIiiiye.rsity  of  California  under  aponaorship  ^-the  Beach-EroaioiL,, 

Board*  The  first  tests  in  this  program  were  made  to  develop, a  suitable  sand 
trap  for  measuring  the  rate  of  sand  transport  in  the  field.  These  studies 
have  been  reported  elsewhere  — '  and  are  not  summarized  in  this  paper.  Sub¬ 
sequent  to  these  earlier  tests  which  were  conducted  in  a  wind  tunnel  12  in.  x 
15  in.  in  cross  section,  a  larger  and  more  suitable  tunnel  4  ft.  wide  by  2.  5 
ft.  high  and  100  ft.  long  (Fig.  4)  was  constructed  and  used  in  the  laboratory 
tests  discussed  below  _/.  Wind  in  the  tunnel  was  generated  by  a  variable 
speed  fan  at  the  exit  end.  Wind  speeds  up  to  a  maximum  of  about  40  ft/ sec 
could  be  attained.  Vertical  and  horizontal  velocity  distributions  during  tests 
were  made  with  a  standard  Prandtl- type  pitot  tube  connected  to  a  previously 
calibrated  magnehelic  gage  having  a  range  of  one-half  inch  of  water  and 
graduated  into  0.  02  inch  divisions.  During  all  tests,  sand  was  spread  over 
a  length  of  about  62  ft.  of  the  flume  with  a  depth  of  2  inches.  A  hopper  to 
feed  sand  into  the  flume  automatically  was  placed  near  the  entrance  to  the 
tunnel  (Fig.  4).  The  rate  of  sand  feed  was  adjusted  to  be  equal  to  the  rate 
of  sand  transport  as  measured  by  the  sand  traps  which  consisted  of  the 
vertical  trap  developed  by  Horikawa  and  Shen,!/  and  a  horizontal  trap.  This 
latter  trap  consisted  of  18  compartments  permanently  fixed  at  the  end  of  the 
sand  bed  (Fig.  4).  In  order  to  eliminate  side-wall  effects  with  the  horizontal 
trap  the  rate  of  sand  transport  was  measured  only  over  a  width  of  2  ft.  in 
the  central  part  of  the  flume.  Sand  was  removed  from  the  compartments 
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in  the  horizontal  trap  at  the  conclusion  of  each  run  with  a  vacuum  cleaner. 
Comparison  of  the  rate  of  transport  as  measured  by  the  vertical  trap  with 
that  measured  with  the  horizontal  trap  showed  that  the  vertical  trap  is  close 
to  100  percent  eff  cient  at  wind  speeds  higher  than  about  27  ft/sec,  but  be¬ 
comes  much  less  efficient  at  lower  speeds  .  For  high  wind  speedsi  the 
grain  size  distribution  of  the  sand  caught  in  the  vertical  trap  was  very  close 
to  the  grain  size  distribution  of  the  bed  except  for  the  very  largest  grains  — 

The  relative  absence  of  these  larger  grains  probably  is  caused  by  the  plat¬ 
form  of  the  trap  which  sometimes  can  be  an  obstacle  to  surface  creep.  For 
wind  speeds  near  the  threshold  value,  the  grain  size  distribution  of  sand  in 
the  vertical  trap  shows  a  distinct  lack  of  the  larger  grains.  This  condition 
cannot  be  attributed  entirely  to  the  inefficiency  of  this  trap  but  probably  in¬ 
dicates  the  manner  in  which  sand  is  moving  near  the  threshold;  i.  e.  ,  the 
larger  grains  are  not  in  general  movement. 

The  mechanical  composition  of  the  three  sands  used  in  the  tests  is 
shown  in  Figure  5.  The  characteristics  of  these  sands  are  as  follows: 

Mean  Grain 

Diameter  Sorting  Coefficient 

(mm) 

0.44  1.23 

0.  30  1.  15 

0.145  1.24 

Experimental  Results 

Rate  of  sand  transport.  The  amount  of  sand  caught  by  the  horizontal  trap  was 
measured  for  velocities  varying  from  the  threshold  value  to  about  37  ft/sec. 

The  feeding  of  sand  into  the  wind  tunnel  at  the  upstream  end  of  the  sand  bed  . 
was  an  important  factor  in  sand  movement  for  the  lower  wind  velocities. 
Feeding  sand  into  the  tunnel  during  tests  greatly  lowers  the  threshold  vel¬ 
ocity,  and  at  the  same  time  changes  the  amount  of  sand  transported  for  lower 
velocities.  This  effect  is  evident  in  Figure  6  which  shows  the  rate  of  trans¬ 
port  as  a  function  of  wind  velocity  (and  shear  velocity)  with  and  without  sand 
feed  for  Sand  A  (d  =  0.  44  mm).  The  apparent  reversal  of  the  curve  obtained 
without  sand  feeding  is  perhaps  due  to  the  fact  that  the  sand  used  in  this 
study  has  a  relatively  wide  range  of  grain  sizes  (Fig.  5).  At,  or  near  the 
threshold  condition  it  is  possible  that  the  action  of  the  smaller  grains  was 
impeded  by  the  larger,  thus  modifying  the  over-all  values  for  the  threshold 
and  the  rate  of  transport.  More  precisely,  near  the  threshold  the  sand 
grains  move  mainly  by  saltation.  Since  the  surface  layer  remains  practically 
immobile  (no  surface  creep),  the  smaller  grains  are  hidden  by  the  larger  ones 
and  as  a  result  the  sand  behaves  as  though  it  had  a  much  larger  mean  diameter. 

The  experimental  values  for  the  maximum  rate  of  transport  (i.  e.  ,  with 
a  sand  feed),  q,  are  compared  to  the  values  predicted  from  the  Bagnold  J./ 
and  Kawamura  formulas  as  follows: 


Sand 

A 

B 

C 
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Sand  A  (d  =  0»  44  mm).  The  experimental  value  of  the  threshold  shear  vel¬ 
ocity  (with  sand  feed)  was  30  cm/sec  which  compares  favorably  with  a  value 
of  34  cm/sec  as  calculated  by  the  Bagnold  formula  (Equation  1).  For  the 
rate  of  transport  Bagnold  (Equation  2)  proposes  a  value  of  C  =  1.8  for  norm¬ 
ally  graded  sand  and  C  =  2,  8  for  a  sand  with  a  very  wide  range  of  grain  size. 
Using  a  value  of  C  =  2.  5  for  Sand  A,  the  experimental  and  calculated  values 
are  as  shown  in  Figure  7.  It  is  evident  from  this  figure  that  except  for  wind 
velocities  near  the  threshold  where  the  Bagnold  formula  is  not  applicable, 
the  agreement  is  good.  In  the  Kawamura  formula  (Equation  3)  with  a  value 
of  Uj{c  =’30  cm/sec  combined  with  a  value  of  k  =  3.  1  excellent  agreement 
between  experimental  and  calculated  values  was  obtained  over  the  entire 
range  of  shear  velocity  as  shown  in  Figure  7. 

Sand  B  (d  =  0.  30  mm).  The  experimental  value  of  the  threshold  shear  vel¬ 
ocity  (with  sand  feed)  was  16  cm/ sec  which  agrees  fairly  well  with  a  value 
of  18  cm/sec  as  calculated  by  the  Bagnold  formula.  With  respect  to  rate 
of  transport.  Figure  8  was  prepared  to  show  a  comparison  of  experimental 
values  with  the  Bagnold  and  Kawamura  data  on  a  sand  of  0.  25  mm  diameter. 
It  is  evident  that  the  curves  differ  considerably,  although  the  sand  in  each 
case  had  almost  the  same  mean  grain  diameter.  The  sorting  coefficient  of 
the  various  sands  possibly  was  quite  different.  In  the  study  with  Sand  A 
(d  =  0.  44  mm)  the  Bagnold  and  Kawamura  formulas  could  be  used  to  de¬ 
scribe  the  O^aii#  k  experimental  data;  however,  with  Sand  B  no  values  for 
the  constants  C  and  k  could  be  found  to  describe  the  rate  of  transport  over 
the  entire  range  of  shear  velocities.  Those  values  that  most  closely  de¬ 
scribed  the  experimental  data  are  shown  in  Figure  9. 

Sand  C  (d  =  0.  145  mm).  The  experimental  value  of  the  threshold  shear  vel¬ 
ocity  (with  sand  feed)  was  22.  0  cm/sec  and  that  calculated  by  the  Bagnold 
formula  was  17.  8  cm/sec.  This  relatively  large  difference  between  the 
observed  and  calculated  values  of  the  threshold  velocity  is  expected  from 
the  work  of  Bagnold  wherein  it  was  shown  that  for  such  small  grain  sizes 
as  Sand  C  the  coefficient  A  is  no  longer  constant  and  the  shear  velocity 
reaches  a  minimum.  For  the  rate  of  transport,  Figure  10  shows  the  ex¬ 
perimental  values  compared  with  the  Bagnold  and  Kawamura  formulas.  In 
this  comparison,  a  value  of  C  =  1.5  was  used  in  the  Bagnold  formula.  This 
is  the  lower  limit  of  the  value  of  C  recommended  by  Bagnold  and  applies  to 
a  uniform  grain  size.  For  the  Kawamura  formula,  a  value  of  k  =  1.0  had 
to  be  selected  in  order  that  the  calculated  curve  would  pass  near  the  experi¬ 
mental  points. 

Response  time  of  sand  bed  to  change  in  wind  speed.  In  order  to  investigate 
the  response  time  of  the  bed  to  a  change  of  wind  speed,  some  tests  were 
made  in  which  the  wind  was  first  allowed  to  blow  over  the  sand  surface 
(using  Sand  A)  at  a  velocity  of  31.  5  ft/ sec  for  a  relatively  long  time  (suf¬ 
ficiently  long  to  observe  a  duplication  of  the  results  on  the  amount  of  sand 
transported,  both  in  the  vertical  and  horizontal  traps).  The  wind  speed 
then  was  suddenly  changed  to  a  value  of  35  ft/sec  and  the  sand  collected  in 
the  vertical  trap  was  weighed  every  two  minutes,  until  a  new  constant  rate 
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of  transport  was  observed.  The  wind  speed  then  was  again  adjusted  to  the 
first  value,  while  the  same  measurements  were  made  with  the  vertical  sand 
trap.  After  a  sufficiently  long  time,  the  wind  speed  was  again  adjusted  to  the 
higher  value,  and  the  same  process  repeated.  There  was  some  scatter  espec¬ 
ially  for  the  higher  velocity.  This  dispersion  probably  was  due  to  some  extent 
to  the  inaccuracy  of  the  wind  speed  readings,  these  speeds  being  slightly  dif¬ 
ferent  in  corresponding  runs.  But  as  the  important  fact  is  the  rate  of  trans¬ 
port  with  respect  to  time,  the  part  of  the  dispersion  due  to  differences  in  the 
mean  wind  speed  can  be  eliminated  by  considering  the  discrepancy  between 
the  measurements  made  within  the  first  few  minutes  of  each  run,  and  the 
average  of  the  last  measurements,  when  equilibrium  is  reached.  Figure  11 
shows  the  rate  of  sand  transport  as  a  function  of  time  with  this  correction. 

The  dispersion  was  greater  at  the  beginning  than  at  the  end  of  a  run,  but  ex¬ 
cept  for  a  slight  increase  during  the  first  4  minutes  in  most  of  the  runs  no 
trend  could  be  observed.  In  general  it  appears  that  the  rate  of  transport  ad¬ 
justs  itself  rather  quickly  to  a  new  wind  speed.  Consequently,  under  field 
conditions  a  knowledge  of  the  actual  duration  of  wind  speeds  of  various  mag¬ 
nitudes  apparently  should  permit  the  calculation  of  the  probable  volume  of 
sand  moved  on  a  given  dune  system  in  a  given  period  of  time. 

Effect  of  moisture  on  sand  transport.  Generally  moist  sand  found  along 
coasts  can  be  classified  into  two  categones  depending  upon  the  origin  of  the 
moisture  -  -  namely : 

(a)  Moist  sand  which  has  collected  moisture  from  the  atmosphere.  Un¬ 
like  very  fine  particles  such  as  dust  or  loess,  the  sand  does  not  appear  to 
readily  absorb  moisture.  As  indicated  below,  however,  there  exists  a  cor¬ 
relation  between  the  water  content  of  the  sand  and  air  humidity.  Allowing 
for  this  fact,  and  since  in  the  field  it  is  easier  to  measure  the  air  humidity 
than  the  sand  water- content,  the  air  humidity  instead  of  the  water- content 

of  the  sand  was  taken  as  the  variable  in  the  studies  discussed  below. 

(b)  Moist  sand  whose  water  comes  from  sources  other  than  air  humid¬ 
ity,  such  as  rain,  rising  of  underground  water,  and  se^  water  remaining  in 
the  sand  by  wave  or  tide  action.  When  a  wind  not  saturated  with  water  vapor 
blows  over  such  a  sand,  it  gradually  dries  out  the  surface  layer  of  the  sand 
bed,  until  an  equilibrium  is  reached  between  humidity  of  the  wind  and  the 
water  content  of  the  surface  layer  of  the  ground.  The  study  of  sand  movement 
is  relatively  complex  in  this  case  where  water  contents  of  air  and  sand,  as 
well  as  wind  duration,  are  factors. 

To  obtain  infolrmation  on  some  of  the  above  problems,  Belly  ^  !  per¬ 
formed  a  series  of  experiments  on  Sand  A  (d  =  0.  44  mm)  in  a  closed- circuit 
wind  tunnel  where  humidity  could  be  controlled.  The  first  series  of  tests 
were  concerned  with  the  determination  of  the  effect  on  the  threshold  velocity 
where  the  moisture  content  of  the  sand  was  relatively  low.  In  these  tests, 
was  determined  from  a  series  of  vertical  velocity  distribution  curves  for 
different  mean  velocities  and  different  air  humidities,  h.  Figure  12  shows 
the  relationship  between  the  shear  velocity,  and  the  mean  velocity,  U. 
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This  relationship  is  quite  consistent  and  can  be  expressed  by  a  straight  line. 
Thus,  it  can  be  stated  that  the  wind  drag  is  practically  uninfluenced  by  air 
humidity.  In  the  later  tests,  only  the  value  of  the  mean  velocity  was  re¬ 
corded  and  the  value  of  was  calculated  from  this  graph. 

The  water- content  of  sand  obtained  during  the  various  runs  is  plotted 
against  the  corresponding  air  humidity  in  Figure  13.  The  scatter  of  data 
is  important,  but  there  is  a  general  tendency  for  the  points  to  follow  along 
a  straight  line  (which  obviously  should  pass  through  the  origin). 

The  threshold  velocity  was  found  by  investigating  the  lower  part  of 
the  curves  for  the  rate  of  sand  transport.  The  three  sample  curves  in 
Figure  14  clearly  indicate  the  change  in  the  rate  of  sand  transport  with 
humidity.  From  such  curves,  the  data  on  the  variation  of  the  threshold 
shear  velocity  distinctly  show  an  increase  with  air  humidity,  and  the  rela¬ 
tionship  is  nearly  linear  (Fig.  15), 

The  second  series  of  tests  by  Belly  on  threshold  velocity  were 
concerned  with  sand  of  high  water- content;  that  is,  greater  than  0.  25%. 

The  relationship  between  U  and  under  such  conditions  is  shown  in  Figure 
16  which  appears  to  be  linear  and  merely  an  extension  of  the  data  shown  in 
Figure  12.  During  the  tests  in  which  these  data  were  obtained,  the  air  was 
maintained  saturated  with  the  water  content,  w,  of  the  sand  varied.  The 
tests  show  that  with  a  relatively  high  water- content  of  the  sand  (in  excess 
of  1%)  the  wind  speed  necessary  to  initiate  sand  movement  becomes  increas¬ 
ingly  important.  One  explanation  for  this  increase  is  that  the  sand  surface 
becomes  very  smooth  under  wind  action.  The  water  contained  in  the  sand 
fills  the  interstices  between  the  grains  and  makes  the  extraction  of  the  grains 
by  the  wind  much  more  difficult  than  when  dry.  The  experiment  could  not  be 
made  for  a  water- content  higher  that  4%  because  the  wind  strength  necessary 
to  initiate  the  movement  could  not  be  obtained  with  the  available  equipment; 
however,  it  might  be  expected  that  the  wind  strength  would  increase  very 
rapidly  with  an  increase  of  water- content.  It  is  even  probable  that  for  a 
very  high  water- content  (flooded  sand)  the  problem  changes  aspect  and  be¬ 
comes  closer  to  the  problem  of  an  interface  between  two  fluids. 

Using  the  relationship  between  water- content  and  air  humidity  in  Fig¬ 
ure  13,  it  is  possible  to  complete  the  results  of  the  study  of  low  water- con¬ 
tent  and  thus  find  a  relationship  (Fig.  17)  between  and  w  for  the  total 

range  of  water  content  (0  to  4%).  As  to  be  expected,  since  the  air  humidity 
in  itself  does  not  play  an  important  role  in  the  sand  movement,  there  is  no 
break  at  the  point  which  joins  the  two  sets  of  data,  that  is  at  a  threshold 
shear  velocity  of  40  cm/ sec.  The  data  follow  a  straight  line,  thus  indicating 
that  the  relationship  between  and  w  can  be  put  into  the  form, 

=  a  logio  w  +  b 

where  a  and  b  are  two  constants  obtained  from  the  graph.  It  was  found 
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that 

=  17(logio  w  +  51)  cm/sec 
or,  =  28  (0.  6  log^Q  w  +  1.  8)  cm/sec 

where  28  is  the  value  of  in  cm/sec  given  by  the  Bagnold  formula. 

Assuming  that  moisture  affects  the  movement  of  sand  of  different 
grain  sizes  in  the  same  manner,  the  Bagnold  formula  for  the  threshold 
shear  velocity  may  be  modified  as  follows, 

=  aV^  g  d  (1.  8  +  0.  6  logio 
where  A  approximates  0.  1  and  w  is  expressed  in  percent. 

Conclusions 


1.  The  Bagnold  formula  for  the  threshold  shear  velocity  appears 

adequate  in  giving  a  value  for  this  term  for  use  in  calculating 
the  rate  of  transport  of  sandsi  normally  existing  on  the  coastal 
dunes  of  California. 

2.  The  Bagnold  formula  for  calculating  the  rate  of  transport  appears 

superior  to  the  Kawamura  formula  in  that  the  value  of  the  co¬ 
efficient  C  in  the  Bagnold  formula  is  better  defined  and  more 
limited  in  range  than  the  coefficient  k  in  the  Kawamura  form¬ 
ula.  AlsOi  the  latter  formula  includes  the  threshold  shear 
velocity  which  introduces  a  further  uncertainty  in  the  calcula¬ 
tions  of  transport  rates  especially  since  this  factor  is  influ¬ 
enced  by  the  moisture  content  of  the  sand. 

3.  With  a  relatively  high  water- content  of  the  sand  the  wind  speed 

necessary  to  initiate  sand  movement  becomes  increasingly 
important.  This  is  especially  true  for  the  coastal  dunes  of 
California  where  the  higher  wind  speeds,  which  usually  occur 
during  storms,  are  also  accompanied  by  considerable  rain. 
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ratlon  for  major  dunes  on  the 
Cedlfomla  coast 


Fig.  2.  Variation  of  mechanical  composition  of 
dune  sand  with  distance  from  beach 
(near  Santa  Marla  River  mouth) 


Serlisf  Cee^ficical 


/ 


Fig.  Mechanical  composition  of  scmds  tested 


Roft  of  Mod  frooiport 


Fig.  6.  Experimental  data  on  the  rate  of 
transport  of  Sand  A  (d  «  0.44  mm) 
with  and  without  a  sand  feed 


in  grams /cm-sec 
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Rott  of  sond  troniROct 


Fig.  7>  Comparison  of  experimental  data 
with  the  Bagnold  and  Kavamura 
formulas  for  Sand  A  (d  s  0.1(4  mm) 
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Flg.  9*  ComparlBon  of  experimental  data  with  Bagnold  and  Kawamura  formulas 
for  Sand  B  (d  <■  0.^  mm) 


Amount  of  sand  ‘ 

t  collected  every 
2  minutes,  Ingrams 

Sand  A 


'  N.B.  The  average  of  all  the  values  obtained  on  the  omount  of  sand  collected 
for  a  particular  velocity,  has  been  token  os  a  reference  in  plotting 
*  the  discrepancies.  This  hos  been  done  in  order  to  compare  the 

magnitude  of  the  discrepencies  to  the  absolute  values  of  the  amount 
'0  -  of  sand  collected,  but  has  no  quantitative  value. 


Mean  Velocity  U  in  ft/sec 
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Percent  Air  Humidity 


Fig.  13.  Relationship  between  water  content  of  sand  and  air 
hunldlty 
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Flg.  1$.  Relationship  between  threshold  shear  velocity  and  air  humldl^ 
(Sand  A) 


Fig.  l6.  Relationship  between  shear  velocity  and 
mean  velocity  for  high  water  contents 


Woter  Content  -  Percent 
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Fig.  17 •  Varletloa  of  the  threshold  shear  velocity  vlth  aolsture  content 
(from  Figs.  12  and  l6) 


